. Increased expression of sFlt-1 in in vivo and in vitro models of human placental hypoxia is mediated by HIF-1. Am J Physiol Regul Integr Comp Physiol 291: R1085-R1093, 2006. First published April 20, 2006 doi:10.1152/ajpregu.00794.2005.-Elevated expression of soluble vascular endothelial growth factor receptor-1 (sFlt-1) in preeclampsia plays a major role in the pathogenesis of this serious disorder of human pregnancy. Although reduced placental oxygenation is thought to be involved in the pathogenesis of preeclampsia, it is unclear how oxygen regulates placental sFlt-1 expression. The aims herein were to investigate sFlt-1 expression in in vivo and in vitro physiological and pathological models of human placental hypoxia and to understand the role of hypoxia inducible factor-1 (HIF-1) in regulating the expression of this molecule. sFlt-1 expression in placental villi was significantly increased under physiological low oxygen conditions in early first-trimester and in high-altitude placentae, as well as in pathological low oxygen conditions, such as preeclampsia. In high-altitude and in preeclamptic tissue, sFlt-1 localized within villi to perivascular regions, the syncytiotrophoblast layer, and syncytial knots. In first-trimester villous explants, low oxygen, but not hypoxiareoxygenation (HR), increased sFlt-1 expression. Moreover, exposure of villous explants to dimethyloxalyl-glycin, a pharmacological inhibitor of prolyl-hydroxylases, which mimics hypoxia by increasing HIF-1␣ stability, increased sFlt-1 expression. Conversely, HIF-1␣ knockdown using antisense oligonucleotides, decreased sFlt-1 expression. In conclusion, placental sFlt-1 expression is increased by both physiologically and pathologically low levels of oxygen. This oxygeninduced effect is mediated via the transcription factor HIF-1. Low oxygen levels, as opposed to intermittent oxygen tension (HR) changes, play an important role in regulating sFlt-1 expression in the developing human placenta and hence may contribute to the development of preeclampsia.
nentially in the second trimester of pregnancy and is associated with transformation of the proximal uterine artery Doppler waveform (37) . Failure of this process to occur results in uteroplacental vascular insufficiency and chronic hypoxia, placing the pregnancy at risk of preterm delivery from preeclampsia (26) and/or intrauterine growth restriction (IUGR) (41) .
The main cellular pathway by which oxygen regulates gene expression is the formation of the heteromeric protein complex known as hypoxia inducible factor (HIF). HIF comprises two distinct subunits: ␣ and ␤. When oxygen tension is low, the labile ␣ subunit forms a heterodimer with the constitutively expressed ␤ subunit. The heterodimer is subsequently translocated inside the nucleus where it binds to short DNA motifs (known as HREs, or hypoxia responsive elements) in the promoter regions of a variety of genes, thereby activating their transcription. Under normoxia, HIF-1␣ is rapidly hydroxylated and hence targeted for proteosomal degradation (28) . Among the many molecules whose expression is induced under lowoxygen conditions via the HIF pathway are vasculogenic factors, such as vascular endothelial growth factor (VEGF) (9) and its receptor VEGFR-1 (also known as Flt-1) (10) . A splice variant of Flt-1, the soluble form of VEGFR-1 (sVEGFR-1), also known as sFlt-1 (19) , comprises six extracellular IgG-like domains and a unique C terminus lacking the classical transmembrane domain (19) . sFlt-1 is expressed and secreted from several different tissues, including human endometrium (22) , endothelial cells (12) , and placental villous tissue (8) .
The source of the pregnancy-associated increase in sFlt-1 production and secretion in humans is believed to be the placenta (3, 8) . Studies using primary cultures of isolated human cytotrophoblast cells have recently demonstrated that low oxygen causes increased sFlt-1 expression (29) .
Secreted sFlt-1 binds to VEGF and placental growth factor (PlGF) with high affinity, thereby decreasing their availability for binding the transmembrane receptors VEGFR-1 and VEGFR-2 (8, 34 ). As such, any increase in serum sFlt-1 will cause decrease in serum-free VEGF and PlGF. During normal pregnancy, sFlt-1 serum levels increase with advancing gestation but are markedly increased in both serum and placental tissue from preeclamptic pregnancies (21, 23, 43) . Increased serum levels of sFlt-1 in preeclampsia have been argued as a potential direct cause of several manifestations of the disease (27, 40) , and it has been postulated that in preeclampsia, the abnormal placentation following placental hypoxia may result in increased sFlt-1 levels (27) , thus contributing to the pathogenesis of this disease.
Although it is now established that preeclampsia is associated with lowered placental oxygenation (35) , the exact mechanisms by which oxygen increases sFlt-1 expression are presently unclear. The aims of this study were to examine placental sFlt-1 expression in models of placental hypoxia, including placental tissues obtained from various weeks of gestations across the first trimester (in vivo developmental hypoxia), from high-altitude (in vivo physiological chronic hypoxia) and preeclamptic pregnancies (in vivo pathological hypoxia). Additionally, using a well-established villous organ culture system, we have investigated the mechanisms by which reduced oxygenation (in vitro hypoxia) and hypoxia-reoxygenation (HR) regulate sFlt-1 expression. Finally, we have determined whether HIF, in particular HIF-1␣, plays a direct role in regulating the expression of sFlt-1 in the human placenta.
MATERIALS AND METHODS
Tissue and blood collection. Local Ethics Committee approval was obtained for the study from the participating institutions, and all women gave written informed consent. Tissue collection strictly adhered to the guidelines outlined in The Declaration of Helsinki. High-altitude (HA) placentae and blood samples were collected in Leadville, CO (HA, 3,179 m above sea level). HA placentae were obtained from healthy normotensive patients at term. Ten milliliters of blood were withdrawn from the mother's antecubital vein at 36 wk or greater of gestation and at 3 mo postpartum. Blood was allowed to clot, and the serum was separated and stored in Ϫ80°C for later analysis. Sea level (SL) placental samples (also referred to as term control, or TC) were collected from term deliveries in Toronto, Ontario, Canada (ϳ40 m). Control blood samples were collected in Denver, CO (1,600 m). Severe early-onset preeclampsia was diagnosed on the basis of the American College of Obstetrics and Gynecology criteria (1) . Preeclamptic placentae (PE, n ϭ 16) and preterm normotensive age-matched control placentae (preterm control, PTC, n ϭ 12) were collected from deliveries at Mount Sinai Hospital in Toronto. Early-onset preeclampsia was defined when the patient was delivered before 34-wk gestation due to preeclampsia. All thirdtrimester specimens were obtained immediately after delivery from normal-looking cotyledons randomly collected. Areas with calcified, necrotic or visually ischemic tissue were omitted from sampling. Subjects suffering from diabetes, essential hypertension, or renal disease were excluded. Pregnancies affected by IUGR were also excluded. Preterm deliveries were due to multiple pregnancies (16%), preterm labor due to incompetent cervix (35%), premature preterm rupture of membrane (33%), and spontaneous preterm deliveries without identifiable cause (16%). All preterm and term control groups did not show clinical or pathological signs of preeclampsia, infections or other maternal or placental disease. Birth weight, gestational age, and laboratory values or clinical observations relevant to the health of the mother were abstracted from the clinical records. The clinical characteristics of the patients are shown in Table 1 . First-trimester placental samples (5-12 wk of gestation, n ϭ 55) were collected from elective first-trimester pregnancy terminations performed by dilatation and curettage. Gestational age was determined by the date of the last menstrual period and first-trimester ultrasound measurement of crown-rump-length.
First-trimester human chorionic villous explant culture. Chorionic villous explant culture was performed as previously described (5) . Briefly, placental tissues (5-8 wk of gestation, 15 separate sets) were placed in ice-cold PBS and processed within 2 h of collection. Tissues were aseptically dissected to remove decidual tissue and fetal membranes. Small fragments of placental villi (25-45 mg wet weight) were teased apart, placed on Millicell-CM culture dish inserts (Millipore , Bedford, MA) precoated with 0.15 ml of undiluted Matrigel (Collaborative Biomedical Products, Bedford, MA), and transferred to a 24-well culture dish. Explants were cultured in serum-free DMEM/ F12 (Gibco BRL, Grand Island, NY) supplemented with 100 g/ml streptomycin, 100 U/ml penicillin, and incubated overnight at 37°C in 5% CO 2 in air to allow attachment. Explants were maintained in standard condition (5% CO 2 in 95% air) or in an atmosphere of 3% or 8% O 2 (92% or 87% N2 and 5% CO2, respectively) for 72 h at 37°C. The morphological integrity and viability of villous explants and their extravillous trophoblast outgrowth and migration were monitored daily for the duration of the various experiments, as previously reported (5) . In parallel experiments, HR was performed as previously described (15) by decreasing from 8% O2 (physiological oxygen tension at 10 -12 wk gestation) to 2-3% O2 for 2-3 h, followed by exposure to 20% O2 standard conditions for 1 h.
Pharmacological stabilization and knockdown of HIF-1. Explants kept in 20% O2 were treated with a 1.0 mM concentration of dimethyloxalyl-glycin (DMOG), an inhibitor of prolyl-hydroxylases activity mimicking hypoxia via stabilization of HIF-1␣ (16) . Control cultures maintained in standard 20% O2 conditions were run in parallel in the presence of medium alone. HIF-1␣ knockdown studies were performed using a previously validated antisense approach (5). In brief, 10 M of HIF-1␣ antisense and control sense oligos were added to the media of explants in 3% oxygen conditions. After completion of experiments, conditioned media were collected and kept in Ϫ80°C for ELISA analysis of sFlt-1. Explants were collected and snap frozen in liquid nitrogen for gene analysis. Explants in each experiment were also fixed in 4% paraformaldehyde for immunohistochemical analysis. TUNEL assay. An in situ cell death detection kit was purchased from Amersham Biosciences (Piscataway, NJ). Terminal deoxynucleotidyl transferase-dUTP-nick end labeling (TUNEL) assays were performed according to instructions provided by the manufacturer. Paraffin sections of villous explants and preeclamptic placental tissue were dewaxed in xylene, rehydrated in descending grades of ethanol, and finally soaked in PBS. Tissue sections were pretreated with proteinase K (10 g/ml) in PBS for 10 min, washed, and then incubated in 3% hydrogen peroxide in methanol for 45 min. After washing in PBS, the slides were preincubated with 1 ϫ One Phor All buffer in 0.1% Triton X-100 in water for 30 min and then incubated in TdT solution for 1.5 h at 37°C. Samples were washed in PBS, and avidin biotin complex (Vector Laboratories, Burlingame, CA) was applied for 1 h. Staining was detected with the diamino-benzidine chromogen after 10 min. Slides were counterstained with hematoxylin, dehydrated in ascending concentrations of ethanol, and fixed with xylene.
RNA isolation and quantitation using real-time RT-PCR (qPCR).
Total RNA was isolated from placental samples using a TRIzol-based approach, according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Total RNA was isolated from whole explants using RNeasy Mini Kit (Qiagen, Mississauga, Ontario, Canada), according to the manufacturer's protocol. DNA contamination was enzymatically removed by DNase-I digestion before RNA reverse transcription. qPCR (sFlt-1) was performed on the MJ's Opticon II Light Cycler system as previously described (36) . TaqMan Universal MasterMix and specific Taqman primers and probe for sVEGFR-1 (sFlt-1, accession number: U01134) and 18S were used (Applied Biosystems, Foster City, CA) based on the manufacturer's protocol (Applied Biosystems). Relative quantitation of data was performed using logarithmic curves. Expression level of sFlt-1 was normalized based on 18S expression using the 2⌬⌬Ct formula, as previously described (25, 36) . Sequences for sFlt-1 primers and probe: forward: 5Ј-GGGAAGAAATCCTCCAGAA-GAAAGA-3Ј; reverse: 5Ј-GAGATCCGAGAGAAAACAGCCTTT-3Ј; probe: 5Ј-CAGTGCTCACCTCTGATTG-3Ј. Total amplicon size is 79 base pairs.
Western blot analysis. Western blot analysis for sFlt-1 and Flt-1 was performed using 50 g of total placental protein lysates that were subjected to 6% (wt/vol) SDS-PAGE gel. After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes. Nonspecific binding was blocked by incubation in 5% (wt/vol) BSA in Tris-buffered saline containing 0.1% (vol/vol) Tween-20 (TBST-20) for 60 min. Membranes were then incubated with either 1:200 diluted specific anti-soluble VEGFR-1 antibody (Zymed Laboratories, San Fransisco, CA) or 1:1,000 diluted specific monoclonal anti-Flt-1 antibody (abcam, ab9540, Cambridge, MA), in 5% (wt/vol) BSA in Tris-buffered saline-Tween (TBST) at 4°C. After overnight incubation, membranes were washed with TBST and incubated for 60 min at room temperature with 1:10,000 diluted horseradish peroxidase-conjugated anti-rabbit IgG (Santa Cruz, CA) in 5% (wt/vol) BSA in TBST. After washing with TBST, blots were exposed to chemiluminescent reagent (enhanced chemiluminescence; Amersham Pharmacia Biotech, Oakville, Ontario, Canada). All Western blots were checked for equal protein loading at all times using Ponceau staining.
Immunohistochemistry. Paraffin sections were mounted on glass slides, dewaxed in xylene, and rehydrated in descending ethanol gradient. Antigen retrieval was performed by heating in sodium citrate solution (10 mmol). Endogenous peroxidase was quenched with 3% (vol/vol) hydrogen peroxide in PBS for 30 min. After blocking (5% normal goat serum for 1 h), the slides were incubated overnight with primary antibody (anti-human soluble VEGFR-1, 1:150 dilution). Slides were washed in 1ϫPBS and exposed to peroxidase-conjugated secondary antibody (1:300, goat anti-rabbit, Vector Laboratories) for 45 min at room temperature. Finally, avidin biotin complex (Vector Laboratories) was applied for 1 h, and staining was detected with the diamino-benzidine chromogen after 5 min. Slides were counterstained with hematoxylin. Primary antibody was omitted and replaced by blocking solution in the negative control conditions.
ELISA. Serum samples from the same women who donated their placentae, as well as conditioned media from first-trimester villous explants, were collected. These were used to determine sFlt-1 expression using an ELISA performed in duplicate, according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). The minimal detectable concentration was 5 pg/ml of sFlt-1. Protein content in the conditioned media was normalized to the total protein concentration that was measured by Bradford protein assay. The intra-assay coefficient of variation for the HA and control serum samples was Ͻ9%, whereas the intra-assay coefficient of variation for the conditioned media samples obtained from the explant cultures was 5.7%.
Statistics
RESULTS

Changes in sFlt-1 Expression During Placental Development.
At the end of the first trimester of pregnancy (10 -12th wk of gestation), when the intervillous space opens to maternal blood, the placenta experiences a surge in oxygenation (17) . As such, we first examined whether sFlt-1 expression is affected by this physiological change in placental oxygenation in vivo. sFlt-1 transcript expression was significantly increased (5.3 Ϯ 1.4 fold) in early first-trimester placental samples (5-9 wk of gestation) compared with late first-trimester (10 -12 wk) samples (P Ͻ 0.05) (Fig. 1A) . Although an increase in sFlt-1 transcript in samples from weeks 13 to 18 wk relative to weeks 10 to 12 wk (twofold) was noted, this increase was not statistically significant (Fig. 1A) .
We next examined the protein expression of sFlt-1 during normal placental development. Western blot analysis of placental lysates from the same gestational age range showed a decrease in sFlt-1 protein level at 10 -12 wk gestation (1.4 Ϯ 0.18-fold increase at 5-9 wk relative to 10 -12 wk) (Fig. 1B) . Similar to the sFlt-1 transcript level, an increase in sFlt-1 protein was also noted at 13-18 wk of gestation. We next assessed the spatial localization of sFlt-1 in first-trimester samples using immunohistochemistry (IHC). At 6 wk of gestation, strong positive immunoreactivity for sFlt-1 was noted in the syncytiotrophoblast layer (ST) (Fig. 1C, left) . After 10 wk of gestation, reduced immunoreactivity was observed in the ST and restricted mainly to the apical brush border (Fig. 1C,  right) . We also observed strong positive sFlt-1 immunostaining in syncytial knots in sections of first-trimester placental tissue. (Fig. 1C, left) . No sFlt-1 staining was observed in stromal regions.
sFlt-1 expression is increased in high-altitude and preeclamptic placentae. The effect of in vivo conditions of chronic placental hypoxia on sFlt-1 expression was next examined. HA placental tissues showed increased sFlt-1 transcript expression compared with SL samples (HA: 4.3 Ϯ 0.7-fold increase vs. SL; P Ͻ 0.05) (Fig. 2A) . Early onset severe preeclamptic placental samples, included as an internal positive control, also demonstrated a significant increased sFlt-1 expression compared with normotensive preterm age-matched control samples and term controls (PE: 9.7 Ϯ 2.4-fold increase vs. PTC and TC controls; P Ͻ 0.05). sFlt-1 transcript level was similar in the PTC control and TC (Fig. 2B) . The effect of mode of delivery on sFlt-1 expression in TC placentae was next examined by qPCR. No changes in sFlt-1 mRNA expression were observed in placentae tissue collected after cesarean section compared with spontaneous vaginal deliveries (1.05 Ϯ 0.14-fold increase relative to CS). Western blot anal- vs. sea level (SL) samples assessed by realtime PCR analysis. HA, n ϭ 15, SL, n ϭ 12. *P Ͻ 0.001, HA vs. SL. B: fold change in the transcript level of sFlt-1 in early severe preeclampsia (PE, n ϭ 18) compared with age-matched controls (AMC, n ϭ 12) assessed by real-time PCR. *P Ͻ 0.01, PE vs. term control (TC) and vs. preterm control (PTC), respectively. C, top: representative sFlt-1 Western blot analysis in placental tissues from high-altitude (HA, n ϭ 14) and preeclamptic pregnancies (PE, n ϭ 5), relative to SL controls (n ϭ 11). Bottom: sFlt-1 protein densitometric analysis in HA, PE, and control SL. Data are normalized vs. sea-level samples. *P Ͻ 0.01, HA vs. SL; **P Ͻ 0.01, PE vs. HA and SL. D: representative Flt-1 Western blot analsis in placental tissues from HA (n ϭ 6) and preeclamptic pregnancies (PE, n ϭ 3), relative to SL controls (n ϭ 5). E: relative levels of circulating sFlt-1 protein in serum of pregnant patients from HA and lower altitude (control) near term (n ϭ 16). Values are mean Ϯ SE. *P Ͻ 0.05, HA vs. control. yses performed on placental lysates from high altitude showed higher levels of both sFlt-1 and Flt-1 proteins compared with SL samples corroborating the transcript levels (Fig. 2, C and D,  top) . Densitometric analyses showed increased sFlt-1 expression in high-altitude samples relative to SL control tissues (Fig.  2C, bottom) (1.9 Ϯ 0.2 vs. 1.0 Ϯ 0.1 respectively, P Ͻ 0.01). Similar to the sFlt-1 protein expression in HA placental tissues, measurements of circulating sFlt-1 in serum of HA patients relative to lower altitudes (control), demonstrated a 45% greater concentration (HA: 2,018 Ϯ 225 vs. control: 1,392 Ϯ 159 pg/ml; P ϭ 0.01) (Fig. 2D) . sFlt-1 concentrations (Y) fell as the time past delivery (X) increased (best fit regression ϭ y ϭ 0.0033x 2 Ϫ4.25x ϩ 1,906 R 2 ϭ Ϫ0.92, P ϭ 0.009, data not shown). In conjunction with the placental expression of sFlt-1 reported here, the elevated circulating concentrations in high-altitude pregnancy appear to be largely of placental origin. Values obtained 3-6 mo after delivery in the same women did not differ between low (272 Ϯ 85 pg/ml) and high (305 Ϯ 138 pg/ml) altitude (P ϭ 0.42). sFlt-1 concentrations were not related to placental weight at either altitude, hence differences in placental mass do not account for the elevated values at high altitude.
We next examined the spatial localization of sFlt-1 in HA, PE, and control (SL) placental tissues. (Fig. 3) . IHC analysis showed strong positive immunoreactivity for sFlt-1 in ST layers and in vascular and perivascular regions of section from HA samples (Fig. 3, d, e, and f) . Low/absent staining for sFlt-1 was noted in SL samples (Fig. 3, a-c) . Increased ST staining, as well as vascular staining, was also observed in preeclamptic samples (Fig. 3, g-i) . We also consistently observed strong positive immunoreactivity for sFlt-1 in syncytial knots mainly in PE samples (Fig. 3, j and k) . No immunoreactivity was observed in control PE section where primary antibody was omitted (Fig. 3l) .
Hypoxia but not HR, increases expression of sFlt-1. We next tested the effect of varying oxygenation on sFlt-1 expression in vitro using explant cultures. Exposure of villous explants to 3% oxygen resulted in increased sFlt-1 mRNA levels compared with explants cultured at 20% (6.3 Ϯ 2.3 vs. 1.0 Ϯ 0.02, P Ͻ 0.05) (Fig. 4A ). Exposure to 8% O 2 resulted also in a significant increase in sFlt-1 expression (2.2 Ϯ 0.5 vs. 1.0 Ϯ 0.02). Next, we examined sFlt-1 protein expression and localization in explant tissue sections using IHC. Sections of explants exposed to 3% oxygen showed increased sFlt-1 staining in ST layer and proliferating extravillous trophoblast cells compared with sections from explants exposed to 20% oxygen (Fig. 5B,  left and middle) .
To determine whether intermittent change in oxygenation affects sFlt-1 expression, explants were next exposed to HR conditions. sFlt-1 transcript level was significantly higher in control explants exposed to 8% O 2 than those treated by HR or 20% O 2 standard conditions (8%, 2.5 Ϯ 0.6-fold increase relative to HR; 8%, 2.6 Ϯ 0.2-fold increase vs. 20%, P Ͻ 0.05) (Fig. 4B) . Moreover, sFlt-1 transcript level was not changed following HR relative to standard 20% oxygen condition (0.9 Ϯ 0.2 vs. 1 Ϯ 0.03, respectively). Using ELISA, we confirmed that the expression of secreted sFlt-1 in conditioned media of explants exposed to 3% and to a lesser extent to 8% oxygen was increased relative to explants maintained in 20% O 2 . In contrast, HR exposure did not change sFlt-1 levels compared with 20% O 2 controls (Fig. 4C) .
sFlt-1 expression in low oxygen is mediated via HIF-1. We show here that increased expression of sFlt-1 occurs where oxygen tension is lower both in in vivo and in vitro models; however, it is still unclear by what mechanism(s) hypoxia may regulate the expression of sFlt-1. Therefore, we investigated the impact of HIF-1 stabilization and knockdown on sFlt-1 expression. DMOG, an indirect stabilizer of the oxygen labile moiety of HIF-1 (16), was added to the media of explants cultured under 20% oxygen. The sFlt-1 mRNA expression of the DMOG-treated explants was significantly greater than that of explants kept at 20% O 2 and was equivalent to control explants exposed to 3% O 2 (2.4 Ϯ 0.2 vs. 1.0 Ϯ 0.03, respectively, P Ͻ 0.05), (Fig. 5A ). As well, we observed that addition of DMOG to the 20% O 2 -treated explants resulted in increased sFlt-1 protein expression in all trophoblast layers, including EVT compared with explants exposed to 20% O 2 in the absence of DMOG (Fig. 5B, right and left) . DMOG-treated explants also exhibited the typical low oxygen-induced outgrowth compared with control explants maintained at 20% O 2 , and TUNEL assays indicated that the observed phenotype, due to either 3% O 2 exposure or DMOG treatment, was not likely due to an increased incidence of apoptosis (Fig. 5C) .
Finally, using a previously established antisense knockdown technique for HIF-1␣ (5), we demonstrated that antisensetreated explants under conditions of reduced oxygenation (3% O 2 ) have significantly lower expression of sFlt-1 transcript relative to control cultures exposed to the same oxygenated environment in the presence of control sense or medium alone (1.19 Ϯ 0.22 vs. 1.86 Ϯ 0.1, respectively, P Ͻ 0.05) (Fig. 5D) .
DISCUSSION
In the present study, we have demonstrated that, 1) reduced oxygenation in in vivo and in vitro placental hypoxia causes increased expression of sFlt-1, 2) low oxygenation as opposed to HR is the driving force for increased sFlt-1 production in human placental tissues, and 3) sFlt-1 expression under conditions of reduced oxygenation is mediated by HIF-1. Previous studies have reported that low oxygen conditions increase sFlt-1 expression in both primary cytotrophoblast cells, as well as in term placental villous explants (2, 29) . Our expression profile of sFlt-1 during the first trimester indicates an inverse correlation of this soluble receptor with increasing physiological placental oxygenation occurring after the 10th wk of gestation. Hence, early on, when oxygen tension is relatively low, sFlt-1 transcript and protein are elevated. The fine-tuning of sFlt-1 expression during this critical developmental period highlights the importance of this soluble receptor in controlling the effects of its ligand VEGF, which is known to be highly expressed at this time (18) . It is plausible that during early pregnancy, this soluble receptor, by antagonizing VEGF and PlGF function, may temporally restrict early development of the placental microvasculature, thereby diminishing the detrimental impact of early oxygenation (Ͻ10 wk), known to be associated with spontaneous miscarriage (11, 17) . Beyond the critical early period of hypoxia and embryogenesis, subsequent to increased placental blood flow, a decline in sFlt-1 expression may allow vascular growth factors to increase placental vascularity in accordance with the needs of the developing fetus (18) .
Placentae from high-altitude pregnancies exhibit significant morphological adaptation to chronic hypoxia, including increased vascularity of mature intermediate and terminal villi, resulting in reduced diffusional barrier (vasculosyncytial membrane) and increased density of terminal villi (42) . Our findings suggest that even modestly reduced oxygen tension, estimated at ϳ20% reduction relative to sea level in our high-altitude placentae (42) correlates with increased expression of sFlt-1. It is quite possible that the excess sFlt-1 may function to restrict excessive peripheral vascular development under high-altitude conditions, an incomplete adaptation, as a greater incidence of chorangiomas is noteworthy in high-altitude placentae (4) . The systemic effects of chronic hypoxia on sFlt-1 are also clinically significant. High-altitude residents are at two-to fourfold greater risk for the development of preeclampsia (30) . Under reduced oxygenation, trophoblast cells may secrete more sFlt-1 than its ligands (29) . Hence, increased sFlt-1 expression in normotensive high-altitude patients may explain the increased susceptibility to both preeclampsia and IUGR within this population.
Finally, we found that the primary sources of increased sFlt-1 expression in high-altitude placentae are the vascular and perivascular tissues and to a lesser extent the trophoblast cells. In contrast, in preeclamptic tissue, sFlt-1 is mainly localized to trophoblast layers. Although the endothelial expression of sFlt-1 has been described in other systems (12) , our data provide the first evidence demonstrating a differential spatial vascular expression between normal (high-altitude preferential perivascular expression) and pathologic (preeclampsia preferential syncytiotrophoblast expression) human placentae. Recent evidence reports increased sFlt-1 expression in cord blood of newborns from preeclamptic pregnancies (39) . Therefore, it is likely that increased circulating sFlt-1 levels found in physiological and pathological models of placental hypoxia Mode of delivery and preterm birth are two factors that can differently affect gene expression in placental tissue. It has been shown that in vaginal deliveries accompanied by birth asphyxia there is increased expression of VEGF, Flt-1, and VEGFR-2 in placental tissue (38) . Our results show that there is no difference in sFlt-1 expression between normal vaginal deliveries and cesarean section, indicating that sFlt-1 expression is not subject to changes in mode of delivery. Moreover, our findings demonstrating that sFlt-1 expression levels do not change between preterm and term control groups further indicate that gestational age at delivery is also not responsible for changes in sFlt-1.
Our in vitro model of placental hypoxia using first-trimester explants supports previous reports demonstrating increased sFlt-1 expression in hypoxic conditions in vitro both in primary isolated first-trimester trophoblast cells, as well as in term explants (2, 29) . The stimulatory effect of lowered oxygen tension on sFlt-1 expression has been postulated to be mediated by HIF-1 (24) . In silico analysis of the Flt-1 gene, which is the precursor of sFlt-1, HREs were revealed in its promoter region (10) , which supports the contention that sFlt-1 may be regulated by HIF-1. Our experimental findings of increased sFlt-1 expression under DMOG-mediated HIF-1 stabilization or its decreased expression using HIF-1␣ knockdown under reduced oxygenation provides direct evidence that HIF-1␣ regulates sFlt-1 transcript expression. Previous studies indicate that HIF-1␣ expression is increased in preeclamptic (6, 31) and high-altitude placentae (7) and therefore may explain the increased sFlt-1 expression seen in these conditions.
Our in vitro studies demonstrate that sFlt-1 expression does not change after HR. Cycles of hypoxia followed by reoxygenation has been proposed as the underlying condition in preeclampsia that induces oxidative stress, thus causing placental damage (15) . We specifically tested HR because both VEGF in rat myocardium (33) and TNF-␣ in placental explants (13) are elevated after an HR insult and associated with increased secretion of sFlt-1. Although HR may induce oxidative stress in the human placenta (14) , our data here, the epidemiological data (42) , and our recent data on aberrant global placental gene expression in the same in vitro and in vivo models tested here (35) suggest that chronically reduced oxygen may be the main trigger. Although we have shown that low oxygen tension contributes to aberrant global placental gene expression in early onset severe preeclampsia (35), we still note here that in preeclamptic placentae sFlt-1 expression was significantly more elevated than that of high-altitude placentae compared with controls, suggesting that other pathways may potentially be involved in regulating sFlt-1 expression in preeclampsia.
Preeclampsia is also characterized by excessive shedding/ turnover of trophoblast microfragments and syncytial knots into maternal peripheral circulation, an event that has been hypothesized to contribute to generalized endothelial dysfunction (32) . We find increased sFlt-1 protein expression in placental syncytial knots, particularly in preeclamptic placentae, suggesting that shed syncytial fragments may serve as a vehicle to carry excess sFlt-1 into the maternal circulation, hence enhancing the detrimental antiangiogenic function of sFlt-1 on the maternal peripheral vasculature.
In conclusion, increased sFlt-1 expression in the human placenta under low oxygen conditions in vivo and in vitro is mediated by HIF-1␣. Chronically low oxygen tension, as opposed to HR, plays an important role in regulating the expression of this angiogenic antagonist in the human placenta. Increased sFlt-1 expression in high-altitude placentae could explain the greater population susceptibility to the development of preeclampsia in this environment.
